What drives the gradual degeneration of dopamine neurons in Parkinson's disease (PD), the second most common neurodegenerative disease, remains elusive. Here, we demonstrated, for the first time, that persistent neuroinflammation was indispensible for such a neurodegenerative process. 1-Methyl-4-phenylpyridinium, lipopolysaccharide (LPS), and rotenone, three toxins often used to create PD models, produced acute but nonprogressive neurotoxicity in neuron-enriched cultures. In the presence of microglia (brain immune cells), these toxins induced progressive dopaminergic neurodegeneration. More importantly, such neurodegeneration was prevented by removing activated microglia. Collectively, chronic neuroinflammation may be a driving force of progressive dopaminergic neurodegeneration. Conversely, ongoing neurodegeneration sustained microglial activation. Microglial activation persisted only in the presence of neuronal damage in LPS-treated neuron-glia cultures but not in LPS-treated mixed-glia cultures. Thus, activated microglia and damaged neurons formed a vicious cycle mediating chronic, progressive neurodegeneration. Mechanistic studies indicated that HMGB1 (highmobility group box 1), released from inflamed microglia and/or degenerating neurons, bound to microglial Mac1 (macrophage antigen complex 1) and activated nuclear factor-B pathway and NADPH oxidase to stimulate production of multiple inflammatory and neurotoxic factors. The treatment of microglia with HMGB1 led to membrane translocation of p47 phox (a cytosolic subunit of NADPH oxidase) and consequent superoxide release, which required the presence of Mac1. Neutralization of HMGB1 and genetic ablation of Mac1 and gp91 phox (the catalytic submit of NADPH oxidase) blocked the progressive neurodegeneration. Our findings indicated that HMGB1-Mac1-NADPH oxidase signaling axis bridged chronic neuroinflammation and progressive dopaminergic neurodegeneration, thus identifying a mechanistic basis for chronic PD progression.
Introduction
Gradual, irreversible loss of dopamine (DA) neurons in the substantia nigra (SN) is the signature lesion of Parkinson's disease (PD). When 50 -60% of nigral DA neurons are lost, clinical symptoms of PD become apparent. PD progresses insidiously for 5-7 years (preclinical period) and then continues to worsen even under the symptomatic treatment. The formation of ␣-synuclein-containing Lewy body, the pathological hallmark of PD, in grafted fetal mesencephalic neurons in PD patients strongly suggests the existence of a driving mechanism by which PD gradually progresses and even propagates from host to transplanted cells (Kordower et al., 2008; Li et al., 2008; Mendez et al., 2008) . Unfortunately, little is known about what drives PD to unstoppable progression. As a result, no proven clinical therapeutics is now available to retard PD progression. Therefore, to discern mechanism(s) responsible for PD progressivity is urgent and of paramount importance.
Multiple pathological events, including oxidative stress, mitochondrial dysfunction, excitatory toxicity, and protein aggregation, are implicated in the pathogenesis of PD (McNaught and Olanow, 2006; Martinez-Vicente et al., 2008; Zhou et al., 2008) . Recently, the inflammatory mechanism in PD and other neurodegenerative diseases is becoming increasingly recognized (McGeer et al., 1988; Kreutzberg, 1996; Gao and Hong, 2008; Monahan et al., 2008; Hirsch and Hunot, 2009; Przedborski, 2010) . DNA polymorphisms of several inflammatory cytokines might become risk factors for PD (Wahner et al., 2007) . The SN of PD patients and animal models revealed activated microglia and accumulation of inflammatory mediators . Moreover, suppression of inflammation correlates with less neuronal impairment in various PD models (Du et al., 2001; Gao et al., 2003b; Zhang et al., 2010) . Recently developed in vivo models by our group indicated that chronic neuroinflammation was able to induce delayed and progressive DA degeneration (Gao et al., 2002b; Qin et al., 2007) . Taking advantage of multiple in vitro PD models created by one inflammogen and two neurotoxins, we now further investigate whether, unlike other PD pathologic contributors, excessive chronic neu-roinflammation is a major driving force of chronic PD neurodegeneration. We also examine cellular and molecular mechanisms by which initial neuronal damages are transformed into chronic progressive neurodegeneration and chronic neuroinflammation is maintained in PD.
High-mobility group box 1 (HMGB1), a non-histone DNAbinding protein, modulates interactions of various transcription factors with DNA in nuclei. It is of special interest that HMGB1 can be actively secreted from inflammatory cells or passively released from necrotic cells to initiate inflammatory responses (Lotze and Tracey, 2005) . Although extracellular cytokine-like effects of HMGB1 have been increasingly appreciated in recent years, the very limited publications regarding its effects on neuron survival/death were mostly conducted in acute or subacute experimental settings. In the present study, we pinpointed HMGB1 as a main mediator bridging persistent neuroinflammation and chronic, progressive neurodegeneration.
Materials and Methods
Primary neuronal and glial cultures. Mesencephalic neuron-glia or neuronenriched cultures were prepared from the ventral mesencephalon of embryonic day 14 Ϯ 0. , NADPH oxidase-deficient) mice, or wild-type (C57BL/6J) mice. Both neuron-glia and neuronenriched cultures were maintained in MEM supplemented with 10% heatinactivated fetal bovine serum (FBS) and 10% heat-inactivated horse serum (HS), 1 g/L glucose, 2 mM L-glutamine, 1 mM sodium pyruvate, and 0.1 mM nonessential amino acids. For neuron-enriched cultures, 2 d after initial seeding, cytosine ␤-D-arabinofuranoside (8 M) was added into the cultures to suppress the proliferation of glia. Seven-day-old cultures were treated with vehicle or desirable reagents in treatment medium (MEM containing 2% FBS, 2% HS, 2 mM L-glutamine, and 1 mM sodium pyruvate). At the time of treatment, the neuron-glia cultures were made up of ϳ12% microglia, 49% astrocytes, and 39% neurons of which 2.5-3.5% were tyrosine hydroxylase (TH)-immunoreactive (IR) neurons; the neuron-enriched cultures consisted of 4% astrocytes, Ͻ0.1% microglia, and 96% neurons of which 3.0 -3.8% were TH-IR neurons. In either neuronenriched cultures or neuron-glia cultures, the cell composition was not different among different genotypes (Gao et al., 2002a) .
Mixed-glia cultures were prepared from whole brains of postnatal day 1 rats. Disassociated brain cells were seeded onto 24-well (4 ϫ 10 5 /well) culture plates and maintained in 1 ml/well DMEM/F-12 supplemented with 10% FBS, 2 mM L-glutamine, 1 mM sodium pyruvate, and 0.1 mM nonessential amino acids. The medium was changed every 3 d. When reaching confluence at 11-12 d after plating, the cultures contained ϳ80% glial fibrillary acidic protein-IR astrocytes and ϳ20% ionized calcium binding adapter molecule 1 (Iba1)-IR microglia and were used for treatment. Microglia-enriched cultures were prepared from whole brains of 1-d-old rodents following a previous protocol. Microglia were isolated by shaking the flasks containing confluent mixed-glia cultures for 3 h at 150 rpm (Gao et al., 2002b) .
Reconstituted cell cultures. Two different types of reconstituted cultures containing microglia and neurons were prepared: enriched microglia were either directly plated on top of the existing neuron-enriched cultures (Gao et al., 2003a) or plated into transwells placed above the neuron layer. Briefly, midbrain neuron-enriched cultures were first prepared in regular 24-well culture plates. Six days after the initial seeding, the cultures were changed to fresh neuron-glia treatment medium. Transwells (HTS 24-well multiwell insert systems, 1.0 m pore size, polyethylene terephthalate membrane) were inserted into the culture plates. Then highly enriched microglia (5 ϫ 10 4 /well) were added to the transwells. One day later, the reconstituted cultures were treated with lipopolysaccharide (LPS) or vehicle. The transwells were removed 24 h after the treatment, and the culture media were either kept or changed to fresh treatment medium. The removed transwells with treated microglia were then put into parallel plates containing neuron-enriched cultures. In another treatment group, the transwells were kept in the cultures until (Gao et al., 2002b) . Nonspecific uptake was determined in the presence of 10 M mazindol. 3 H]LPS (10 ng/ml) for 24 h at 37 or 4°C. Afterward, the medium was removed and cells were washed twice with fresh treatment media. Cells were then lysed with 250 l of 1N NaOH. The removed culture media, the first and second washing media, and cell lysate were counted for radioactivity.
Measurement of superoxide, nitric oxide, and cytokines. The production of superoxide was determined by measuring the superoxide dismutase (SOD)-inhibitable reduction of tetrazolium salt, WST-1, as described previously with modifications. Seven-day-old mesencephalic neuron-glia cultures grown in 96-well plates were treated with LPS or vehicle in 150 l of phenol red-free treatment medium. At 30 min or 0.5-5 d after the treatment, 50 l of WST-1 (1 mM) in treatment medium with and without 800 U/ml SOD was added. The cultures were incubated for 20 min at 37°C. The absorbance at 450 nm was read with a SpectraMax Plus microplate spectrophotometer (Molecular Devices). The production of nitric oxide (NO) was determined using Griess reagent. The levels of tumor necrosis factor-␣ (TNF-␣) and interleukin-1␤ (IL-1␤) in the culture medium were measured with commercial ELISA kits from R & D Systems.
Immunostaining and cell counting. Immunostaining was performed as described previously (Gao et al., 2002b) with antibodies specific for TH (a gift from Dr. John Reinhard, GlaxoSmithKline, Research Triangle Park, NC) or F4/80 (Serotec). Images were recorded with a CCD camera and the MetaMorph software (Molecular Devices). For visual enumeration of the immunostained cells, images from 10 representative areas per well were taken, and the TH-IR neurons were counted. For each experiment, three to four wells per treatment condition were used, and results from three to four independent experiments were obtained.
Gel electrophoresis and Western blotting analysis. The protein extracts from cultured cells were homogenized in radioimmunoprecipitation assay (RIPA) lysis buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 5 mM EDTA, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, and 1:100 protease inhibitor cocktail), sonicated, and heated to 100°C for 10 min. Protein concentrations were determined using the biocinchoninic acid assay (Pierce). Protein samples were resolved on 4 -12% SDS-PAGE gels, and immunoblot analyses were performed using antibodies against Iba1 (1:2500; Wako Pure Chemicals), inducible nitric oxide synthase (iNOS) (1:1000; BD Biosciences), HMGB1 (1:2000; Abcam), macrophage antigen complex 1 (Mac1) (1:1000; Abcam), or gp91 phox (1:2000; BD Biosciences). An antibody against ␤-actin (1:5000; Cell Signaling Technology) was included as an internal standard to monitor loading errors.
Immunoprecipitation. Primary microglia (2-5 ϫ 10 6 ) were treated with 500 ng/ml HMGB1 or vehicle at 4°C for 2 h or 37°C for 15 min, followed by three washes with ice-cold PBS. Cell lysates were prepared in TNE buffer (10 mM Tris-HCl at pH 7.5, 1% Nonidet P-40, 0.15 M NaCl, 1 mM 3 H]DA uptake within 48 h after LPS treatment of neuron-glia cultures with 10 ng/ml LPS. C, Representative images from three experiments confirmed the neuronal loss and dendrite degeneration of DA neurons even after drug washout and inflammatory factor withdrawal at different time points. E, Neuron-glia cultures were treated with vehicle or 0.5 M MPP ϩ . Two days after the treatment, the cells were washed twice and refed with fresh treatment media. DA uptake assay was performed 2 or 7 d after the initial treatment. Notably, the drug washout at 2 d after MPP ϩ treatment could not stop DA neurons from additional degeneration. Results are expressed as a percentage of the time-matched controls and are the mean Ϯ SEM of four experiments performed in triplicate. *p Ͻ 0.05 compared with the time-matched vehicle-treated controls.
# p Ͻ 0.05 compared with the LPS-treated cultures without wash. p Ͻ 0.05 was considered statistically significant. N.S., Not significant. EDTA, and 1:100 protease inhibitor cocktail) and centrifuged at 17,400 ϫ g for 20 min at 4°C. The supernatant was preincubated with protein ASepharose beads (GE Healthcare) for 2 h at 4°C and centrifuged. After this preclear process, the supernatant was incubated at 4°C with anti-HMGB1 antibody (2 g; Abcam) or anti-Mac1 antibody (2.5 g; Abcam) overnight and with protein A-Sepharose slurry for 2 h. Protein A beads were collected by centrifugation at 2000 ϫ g for 5 min and were washed six times with TNE buffer. Bound proteins were eluted in sample buffer, separated on 4 -12% SDS-PAGE gels, and blotted with anti-Mac1 and anti-HMGB1 antibodies.
Membrane fractionation. Mac1 Ϫ/Ϫ and wildtype mouse microglia were lysed in hypotonic lysis buffer (1 mM EGTA, 1 mM EDTA, 10 mM NaF, 2 mM MgCl 2 , 10 mM DTT, 1 mM sodium orthovanadate, 10 mM ␤-glycerophosphate, 0.32 M sucrose, 1 mM PMSF, and protease inhibitor cocktail) and incubated on ice for 30 min. After Dounce homogenization (tight pestle A, 20 -25 stokes), the lysates were centrifuged at 3000 ϫ g for 20 min at 4°C to remove unbroken cells, cell debris, and nuclei. The supernatants were centrifuged at 185,000 ϫ g for 60 min at 4°C to separate the total membrane fraction from all soluble proteins. The pellets were washed once, followed by high-speed sedimentation (185,000 ϫ g). The pellets solubilized in the TNE buffer were used as membrane fraction.
Nuclear and cytosolic fractionation. Rat microglia were incubated with 500 ng/ml HMGB1 or vehicle at 37°C for 15 or 30 min and washed with cold PBS. All of the following steps were performed at 4°C, and protease inhibitor cocktail was included in all buffers (Wang et al., 2003) . After centrifugation at 2000 ϫ g for 10 min, cells pellets were suspended in buffer A (10 mM HEPES at pH 8, 1.5 mM MgCl 2 , 10 mM KCl, 1 mM dithiothreitol, and 1 mM PMSF) and incubated on ice for 15 min. Cells were then homogenized with a loose-fitting Dounce homogenizer (pestle B), and the lysis completion was monitored by trypan blue staining. The homogenate was centrifuged at 3000 ϫ g for 15 min. The supernatant was then centrifuged for 60 min at 100,000 ϫ g. The resultant supernatant was used as cytosolic fraction. The recovered nuclei were washed twice with buffer B (60 mM NaCl, 10 mM HEPES at pH 8.0, 25% glycerol, 0.1 mM EDTA, 1 mM dithiothreitol, and 1 mM PMSF). The washed nuclear pellets were extracted with buffer C (20 mM HEPES, 25% glycerol, 0.42 M NaCl, 1.5 mM MgCl, 0.2 mM EDTA, 1 mM dithiothreitol, and 1 mM PMSF). The nuclear suspension was centrifuged at 25,000 ϫ g for 30 min, and the supernatant was collected as nuclear fraction.
Statistical analysis. All values are expressed as the mean Ϯ SEM. Differences among means were analyzed using one-or two-way ANOVA with treatment as the independent factors. When ANOVA showed significant differences, pairwise comparisons between means were tested by Newman-Keuls post hoc testing. In all analyses, the null hypothesis was rejected at the 0.05 level.
Results
Microglia were required for progressive DA neurodegeneration A great amount of evidence indicates that overactivation of microglia is an important contributor to the demise of DA neurons in PD.
To address whether microglial activation is indispensable for the progressive neuronal loss in PD, we first compared the survival of DA neurons in the presence or absence of microglia after the cultures were stimulated with three "PD-producing toxins." Inflammogen LPS was used to initiate direct immunologic insults and consequent neurodegeneration. Neurotoxin 1-methyl-4-phenylpyridinium (MPP ϩ ) was used to trigger direct neuronal lesions and to induce a secondary microglial reaction (Gao et al., 2003a) . MPP ϩ is a toxic metabolite of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) that causes parkinsonism in both human and nonhuman primates (Langston et al., 1999; . Rotenone, a common pesticide, reproduces parkinsonism when chronically administered to rodents (Betarbet et al., 2000) ; mechanistically, both impairment of neuronal mitochondrial complex I and activation of microglia participate in rotenone-induced destruction of DA neurons (Betarbet et al., 2000; Gao et al., 2002a) . phox and iNOS was observed after the neuron-glia cultures were treated with LPS. The ratios of densitometry values of gp91 phox and iNOS to those of ␤-actin were analyzed and averaged from three experiments. E, F, NADPH oxidase inhibitors apocynin or DPI and iNOS inhibitor 1400W protected DA neurons against LPS-mediated chronic neurodegeneration, when neuron-glia cultures were pretreated for 30 min, or posttreated at 48 h. Here, DA uptake was conducted 7 d after initial LPS treatment. *p Ͻ 0.05 compared with the corresponding LPS-treated cultures. Results shown above are the mean Ϯ SEM of three to four experiments performed in triplicate. NS, Normal saline.
We found that, in neuron-glia cultures that contain neurons, astroglia, and microglia, all three toxins induced progressive degeneration of DA neurons, as indicated by time-dependent decreases in [ 3 H]DA uptake after the treatment. In contrast, in neuron-enriched cultures, MPP ϩ (0.5 M) and rotenone (25 nM) caused acute but nonprogressive neurotoxicity ( Fig. 1 A, B) . Specifically, MPP ϩ (0.5 M) induced a 25 and 45% reduction in DA uptake after 2 and 4 d treatment, respectively; the neurotoxicity failed to progress further after prolonged treatment (Fig. 1 A) . Similarly, treatment of neuron-enriched cultures with a high dose of rotenone (25 nM) caused a quick and dramatic, but nonprogressive, neurotoxicity as shown by a 60% reduction in DA uptake 1 d after the treatment (Fig. 1 B) . Rotenone at 10 nM concentration did not show neurotoxicity in neuron-enriched cultures, which otherwise was toxic to DA neurons in neuronglia cultures, indicating the presence of microglia enhanced rotenone neurotoxicity. These data together indicate that activated microglia were required for chronic, progressive neurodegeneration, regardless the nature of initial insults (inflammogen or neurotoxin).
Withdrawal of activated microglia prevented DA neurons from progressive degeneration
To more rigorously evaluate the dependence of progressive DA neurodegeneration on microglial activation, we generated reconstituted cell cultures using transwells and separated activated microglia from neurons after the cultures were treated with LPS for 24 h. Although there was no physical contact between neurons and microglia in these reconstituted cultures, secreted soluble factors could move across the transwell membranes. As shown in Figure 1C , the treatment of neuron-enriched cultures with LPS for 7 d did not reduce DA uptake, which indicates no microglia contamination in neuronal layer of these reconstituted cultures. In the presence of microglia in the transwells, LPS treatment for 7 d decreased the DA uptake capacity by 50%. Removal of activated microglia 24 h after LPS treatment significantly attenuated DA neurodegeneration observed 7 d after LPS addition. Withdrawal of activated microglia and washout of their secreted inflammatory factors completely abrogated LPS neurotoxicity. Moreover, the reduction in DA uptake in neuron-enriched cultures supplemented with activated microglia implies that activated microglia in certain degrees could continue to release some neurotoxic factors leading to neuronal damage. The amount of DA uptake in reconstituted cultures treated for 24 h with vehicle and LPS (10 ng/ml LPS) was 100 Ϯ 1.4 and 98 Ϯ 3.2%, respectively (Fig. 1 D) , which suggests no preexisting neuron demise before the removal of activated microglia. These findings further support the essential role of persistent activation of microglia for progressive neurodegeneration.
The continued presence of initial triggers was not necessary for progressive neurodegeneration
The contemporary presence of activated microglia and active neurodegeneration in the SN of MPTP-intoxicated patients and monkeys long after clearance of MPTP (Langston et al., 1999; implies a continuous crosstalk between microglia and injured neurons during PD progression. However, these in vivo observations cannot determine whether activated microglia are protective, detrimental, or inconsequential during chronic neurodegeneration. We hypothesized that sustained microglial activation (neuroinflammation) drove progressive neurodegeneration, in which persistent existence of initial triggers was not required. We herein examined how the washout of LPS and MPP ϩ from the cell cultures affected DA neurodegeneration. [
3 H]LPS binding and internalization assay indicated that ϳ90% of LPS remained in the culture media after the neuronglia cultures were incubated with 10 ng/ml LPS for 24 h at 37°C. The remaining 10% of LPS either bound to the cell surface of glia (which accounts for ϳ3%, as indicated by the binding assay conducted at 4°C) or was internalized into glial cells. It is generally agreed that LPS internalization by phagocytes serves to sequester LPS and to limit its interactions with cells.
At 2-24 h after LPS treatment, unbound LPS and released inflammatory factors from activated microglia were removed by washing the neuron-glia cultures. Whereas the wash at 2 or 6 h attenuated neurotoxicity detected 7 d after LPS treatment, the wash at 12 or 24 h did not alter DA neurodegeneration (Fig.  2 A--C) . The treatment with 10 ng/ml LPS for 12 or 24 h in sister culture plates did not cause overt neurotoxicity (Fig. 2 D) , indicating no existing neuronal loss before the drug washout. Thus, it is conceivable that, once LPS-induced activation of microglia reaches a certain threshold, an activated inflammatory cascade may become propagated even after drug washout and can further damage neurons. Likewise, 2 d after MPP ϩ treatment, the wash of neuron-glia cultures could not stop DA neurons from additional degeneration (Fig. 2 E) . These data, combined with our in vivo experimental observation that mice developed delayed and progressive nigral DA neurodegeneration long after clearance of LPS (Qin et al., 2007) , imply that neurodegeneration could progress independently of a continuing presence of initial triggers (e.g., LPS and MPP ϩ ). Sustained secretion of inflammatory factors was required for microglial activation-mediated chronic degeneration of DA neurons As shown in Figure 1B , the withdrawal of both activated microglia and their secreted inflammatory/toxic factors 24 h after LPS treatment provided more protection to DA neurons than the removal of activated microglia alone did. This finding supports an important role of secreted inflammatory factors in microglia-mediated neurodegeneration. Continuing release of superoxide and NO in neuron-glia cultures treated with LPS (Fig. 3A,B) or MPP ϩ /MPTP (Gao et al., 2003a) as well as long-lasting upregulation of gp91 phox (the catalytic subunit of NADPH oxidase) and iNOS reveal an important role of oxidative damage in persistent inflammation and chronic neurodegeneration (Fig. 3C,D) . Moreover, abatement of the production of superoxide and NO in neuron-glia cultures greatly mitigated DA neurodegeneration when diphenyleneiodonium (DPI) and apocynin (NADPH oxidase inhibitors) and 1400W (an iNOS inhibitor) were given 30 min before and even 48 h after LPS exposure (Fig.  3E,F) . Accordingly, the continued release of NADPH oxidase-derived superoxide and iNOS-derived NO from activated microglia played a pivotal role in inflammation-mediated progressive DA neurodegeneration.
The interdependency of prolonged microglial activation and chronic, progressive neurodegeneration Given the requirement of microglial activation for progressive DA neurodegeneration (Fig. 1) , it is crucial to address how the activation of microglia is maintained. A long-lasting upregulation of Iba1 and gradual DA neurodegeneration in neuron-glia cultures treated with MPP ϩ for 3-7 d or LPS for 1-7 d indicate chronic microglial activation during neurodegeneration (Fig. 4 A, C) . The upregulation of Iba1 in mixed-glia cultures containing astroglia and microglia peaked at 2 d after LPS treatment and then gradually returned to control level at approximately day 5 (Fig. 4 B, C) . The long-term activation of microglia during neurodegeneration was also supported by the persistent secretion of inflammatory/neurotoxic factors and the upregulation of iNOS and gp91 phox (Fig. 3) . These results not only confirm the existence of sustained microglial activation during progressive neurodegeneration but also suggest that ongoing neuronal damage was essential for maintaining chronic neuroinflammation.
HMGB1 bridged persistent neuroinflammation and chronic neurodegeneration
An array of noxious self-compounds released into the extracellular milieu by injured neurons can induce microglial activation (reactive microgliosis). As introduced earlier, HMGB1 can be passively released from necrotic cells or actively secreted from inflammatory cells to initiate inflammatory responses. We next examine how extracellular cytokine-like effects of HMGB1 affected chronic and progressive dopaminergic neurodegeneration, which has not been studied before. As seen in Figure 5A , HMGB1 was recovered in culture media after the neuron-glia cultures were treated with LPS, MPP ϩ , or rotenone for 24 -96 h. The potential source of such HMGB1-activated microglia and/or dying/dead neurons-could vary depending on the toxin and the time of measurement.
In LPS-treated mixed-glia cultures, the release of HMGB1 was detectable at 6 h, reached peak levels at 24 h, and was untraceable at 96 h by Western blotting analysis (Fig. 5B) . The long-lasting release of HMGB1 in treated neuron-glia cultures, but not mixed-glia cultures, prompts us to reason that HMGB1 could be an important mediator derived from degenerating neurons to maintain prolonged inflammation and to subsequently induce ϩ . The culture media were collected at indicated time points and concentrated with Amicon Centricon filtration at 4°C. Cell lysates and concentrated media were subjected to Western blot analysis with antibody against ␤-actin or HMGB1. All Western blot results are representative of two to three experiments. C, D, The neuron-glia cultures were treated with vehicle, 400 or 500 ng/ml endotoxinfree recombinant HMGB1 protein. Seven days after the treatment, HMGB1 induced a dose-dependent reduction in DA uptake (C). Representative images confirmed the neuronal loss and dendrite degeneration of DA neurons after HMGB1 treatment (D). E, F, Neutralization of HMGB1 rescued DA neurons from chronic degeneration. During or 48 h after the addition of 10 ng/ml LPS, 0.5 M MPP ϩ , or 10 nM rotenone, neuron-glia cultures were treated with rabbit IgG isotype antibody or anti-HMGB1 antibody. Seven days after the initial treatment, cultures were assayed for DA uptake (E) and cell count of TH-IR neurons (F ). The results are the mean Ϯ SEM of three to four experiments performed in triplicate. *p Ͻ 0.05 compared with the corresponding LPS-, MPP ϩ -, or rotenone-treated cultures. C, Control; L, LPS; R, rotenone; M, MPP ϩ .
chronic neurodegeneration. In support of this hypothesis, endotoxin-free recombinant HMGB1 protein (400 ng/ml) caused chronic dopaminergic neurodegeneration in neuron-glia cultures (Fig. 5C,D) . Furthermore, anti-HMGB1 neutralizing antibody attenuated dopaminergic neurodegeneration, when given simultaneously with or 48 h after MPP ϩ , rotenone, or LPS ( Fig.  5 E, F ) . In addition, after stimulation with HMGB1 for 24 -96 h, microglia exhibited larger cell bodies, irregular shape, and increased immunoreactivity to OX-42 antibody, which indicated microglial activation (Fig. 6 A) . HMGB1 also stimulated microglia to release inflammatory and neurotoxic factors, including TNF-␣, IL-1␤, and NO (Fig. 6 B-D) .
Interaction between HMGB1 and microglial Mac1 in mediating chronic inflammation and progressive neurodegeneration HMGB1 has been reported to signal through multi-ligand receptors, including RAGE (receptor for advanced glycation end products), toll-like receptor 2 (TLR2), and TLR4 in mediating inflammatory reactions. The structural conformation of HMGB1 allows it to function as a damage-associated molecular pattern molecule (DAMP) (Seong and Matzinger, 2004) . DAMPs trigger pattern recognition receptors (PRRs) and signal to the immune system of tissue injury to elicit a noninfectious inflammatory response (Dumitriu et al., 2005; Tian et al., 2009 ). Mac1 belongs to the ␤2 integrin family and also functions as a PRR (Fan and Edgington, 1993; Ross and Vȇtvicka, 1993; Ross, 2000) . We therefore proposed that HMGB1 interacts with microglial Mac1 and thereby mediates chronic neuroinflammation and progressive neurodegeneration.
To test this hypothesis, various primary cell cultures were generated from Mac1-deficient mice. During HMGB1 stimulation, Mac1 Ϫ/Ϫ microglia produced much less TNF-␣, IL-1␤, and NO (Fig. 6B-D) . Mac1 deficiency also alleviated HMGB1-mediated chronic neurodegeneration, as shown by the attenuated dendrite degeneration as well as less reduction in DA uptake and in the number of TH-IR neurons in Mac1 Ϫ/Ϫ neuron-glia cultures compared with wild-type cultures. HMGB1 at 400 ng/ml concentration did not show neurotoxicity in neuron-enriched cultures (Fig.  7A,B) . These data together elucidate that HMGB1 induced chronic neuroinflammation and caused progressive neurodegeneration, which may be mediated by its interaction with Mac1. The findings that deletion of microglial Mac1 greatly promoted the survival of DA neurons after the cultures were treated for 7 d with LPS and rotenone (Fig. 7C,D) or with MPP ϩ (Hu et al., 2008) revealed an important role of Mac1 in chronic neuroinflammation and neurodegeneration.
Next, we seek direct evidence of interactions between HMGB1 and Mac1. Microglia, prepared from rats and Mac1 Ϫ/Ϫ and wild-type mice were treated with vehicle or 500 ng/ml HMGB1 at 4°C for 2 h or 37°C for 15 min. Coimmunoprecipitation experiments indicated that the anti-HMGB1 antibody coprecipitated Mac1 in HMGB1-treated wild-type microglia but not Mac1 Ϫ/Ϫ microglia. Here, the same immunoprecipitation samples were blotted and probed with anti-Mac1 antibody, stripped, and then reprobed with an antibody against HMGB1. Conversely, anti-Mac1 antibody coprecipitated HMGB1 in Mac1 ϩ/ϩ microglia but not Mac1 Ϫ/Ϫ microglia (Fig. 8 A) . In contrast, the immunoprecipitation using an IgG isotype control antibody was negative for both HMGB1 and Mac1 (data not shown). The binding analysis of microglial membrane fractions with purified recombinant HMGB1 protein (1 g/ml) at 4°C for 3 h was used to further validate the physical interaction between HMGB1 and Mac1 (Fig. 8 B) . After the binding incubation and extensive washes by high-speed sedimentation, membrane fractions were solubilized in sample buffer. The following immunoblotting revealed that more HMGB1 bound to Mac1 ϩ/ϩ microglial membranes than bound to Mac1 Ϫ/Ϫ microglial membranes. When both membrane fractions were incubated with vehicle, no HMGB1 was detected, indicating the specificity of this binding analysis. The binding results further implicate Mac1 as a potential receptor for HMGB1 on microglia.
The binding of HMGB1 to Mac1 activated microglial nuclear factor-B pathway
As mentioned above, extracellular HMGB1 can bind RAGE, TLR2, and TLR4 and signal via the nuclear factor-B (NF-B) pathway. We first evaluated the involvement of NF-B path- way in Mac1-mediated cytokine-like effects of HMGB1. The activation of NF-B is tightly regulated by the IB kinase (IKK) complex composed of catalytic subunits, IKK␣ and IKK␤, and a regulatory subunit, IKK␥. In response to inflammatory stimuli, IBs are rapidly phosphorylated by IKK complex and degraded by the proteasome pathway. Loss of IB allows the release and the nuclear translocation of p50/p65 NF-B dimers, regulating the expression of target genes (Zhang and Ghosh, 2001; Hoffmann et al., 2002) . After microglia were treated with HMGB1 for 15 or 30 min, IKK␣/␤ phosphorylation could be detected in wildtype microglia but not Mac1 Ϫ/Ϫ microglia (Fig. 8C,D) . In Mac1 ϩ/ϩ microglia, IB␣ was phosphorylated and sequentially degraded after HMGB1 treatment. Unlike wild-type microglia, Mac1-null microglia did not show much degradation of IB␣. HMGB1 treatment caused strong p65 phosphorylation in wild-type microglia. Lower level of p65 phosphorylation was also detectable in Mac1 Ϫ/Ϫ microglia 15 min after HMGB1 addition (Fig. 8C,D) , which may result from the interaction between HMGB1 and TLR2, TLR4, or RAGE. It is also possible that HMGB1 might activate alternative NF-B pathways, because p50/p65 can be phosphorylated by multiple kinases (e.g., protein kinase A). p65 phosphorylation regulates activation, nuclear localization, proteinprotein interactions, and transcriptional activity. Indeed, nuclear translocation of p65 was observed in rat microglia treated with HMGB1 (Fig. 8 E, F ) . Difference in NF-B target gene products (e.g., TNF-␣, IL-1␤, and NO) in Mac1 Ϫ/Ϫ and Mac1 ϩ/ϩ microglia after HMGB1 treatment (Fig. 6 B-D) was consistent with the differential NF-B activation in these microglia (Fig.  8C,D) . Thus, Mac1/HMGB1 interaction induced the activation of microglial NF-B pathway and mediated neuroinflammation.
HMGB1-mediated activation of NADPH oxidase required Mac1
Multiple lines of evidence have documented a pivotal role of overactivated NADPH oxidase in inflammation-mediated neurodegeneration. Furthermore, recent evidence has indicated a critical participation of Mac1 in the activation of NADPH oxidase during inflammation (Coxon et al., 1996; Lynch et al., 1999; Le Cabec et al., 2002; Gao and Hong, 2008) . We, therefore, investigated the involvement of NADPH oxidase and its upstream signaling pathway in HMGB1-mediated chronic microglial activation. The results showed that the treatment of primary microglia cultures with 500 ng/ml HMGB1 resulted in membrane translocation of p47 phox , a cytosolic subunit of NADPH oxidase. The deficiency in Mac1 prevented such translocation (Fig. 9 A, B) . In addition, during stimulation with HMGB1, only wild-type microglia, but not Mac1 Ϫ/Ϫ or gp91 phoxϪ/Ϫ microglia, released extracellular superoxide; cotreatment of these microglial cells with DPI and apocynin prevented the superoxide release (Fig.  9C ). These findings indicated that Mac1 was required for HMGB1-mediated activation of NADPH oxidase. The resistance of neuron-glia cultures deficient in NADPH oxidase ( gp91 phoxϪ/Ϫ ) to HMGB1-mediated neurotoxicity (Fig. 9D ) further emphasized the important role of NADPH oxidase in chronic neuroinflammation and neurodegeneration. In summary, our findings demonstrated that HMGB1/Mac1 interaction induced the activation of microglial NF-B pathway and NADPH oxidase enzyme, thereby mediated persistent neuroinflammation and progressive neurodegeneration.
Discussion
The present study demonstrates that an uncontrolled, prolonged inflammatory process may be a driving force for the progressive degeneration of DA neurons in PD. Microglia were indispensable for the chronic DA neurodegeneration induced by neurotoxins (MPP ϩ and rotenone) or inflammogen LPS. Through a vicious cycle formed between injured neurons and unregulated neuroinflammation, the neurodegeneration continued to progress even after the initial toxic triggers (LPS and MPP ϩ ) were withdrawn. Sustained release of reactive free radicals from activated microglia and HMGB1 from dying/dead neurons and activated microglia was critical for the formation and the maintenance of this vicious cycle. Additional mechanistic studies indicate that interactions between HMGB1 and microglial Mac1 bridged persistent neuroinflammation and progressive dopaminergic neurodegeneration. This study pinpoints major mediators linking persistent inflammation and chronic dopaminergic neurodegeneration, which may facilitate our understanding of the mechanism of the progressive nature of PD.
The involvement of neuroinflammation in PD and other neurodegenerative diseases has long been recognized (Kreutzberg, 1996) . The pioneer work of Dr. McGeer and his colleagues reveals reactive microglia in the SN of Parkinson's and Alzheimer's disease brains (McGeer et al., 1988) . Since then, numerous studies have reported elevated levels of inflammatory mediators in the brain of various neurodegenerative diseases (Yamada et al., 1992; Mogi et al., 1994; Liu et al., 2003) . Nevertheless, these observations left the question open whether the observed neuroinflammation is beneficial, detrimental, or inconsequential to neuronal loss. Recently, neuroinflammation is increasingly accepted as a double-edged sword (Nguyen et al., 2002; Wyss-Coray and Mucke, 2002) . Microglia can remove toxic proteins (e.g., amyloid plaques), clear cell debris, secret neurotrophic factors, and prevent neurodegeneration (Schwartz, 2002; Simard et al., 2006) . Conversely, ample evidence points to detrimental roles of neuroinflammation in neurodegenerative diseases (Liberatore et al., 1999; Du et al., 2001; Gayle et al., 2002; Glass et al., 2010; Przedborski, 2010) .
Here, we provided direct experimental evidence implicating persistent microglial activation as the major driving cause of progressive neurodegeneration in PD. This conclusion is supported by the following experimental findings: first, dopaminergic neurodegeneration progressed markedly over time in neuron-glia cultures treated with MPP ϩ , rotenone, or LPS but not in neuronenriched cultures treated with the same toxins ( Fig. 1 A) ; second, withdrawal of activated microglia and released inflammatory mediators prevented DA neurons from LPS-induced progressive degeneration ( Fig. 1 B) ; third, the continued presence of initial triggers (e.g., LPS and MPP ϩ ) was not required for persistent microglial activation and progressive neurodegeneration (Fig. 2) ; fourth, continuing release of superoxide and NO from activated microglia in neuron-glia cultures treated with LPS (Fig. 3) or MPTP/MPP ϩ (Gao et al., 2003a) as well as prolonged upregulation of inflammatory enzymes (NADPH oxidase and iNOS) in LPS-treated neuron-glia cultures (Fig. 3) pointed to a critical role of inflammation-elicited oxidative insults in chronic neuro- Ϫ/Ϫ mice, or wild-type mice were treated with vehicle or 500 ng/ml HMGB1 at 4°C for 2 h or 37°C for 15 min. Cell lysates were collected in TNE buffer and then immunoprecipitated with antibodies against HMGB1 or Mac1. Separated immunoprecipitates were immunoblotted and probed for Mac1 and, after stripping the membrane, for HMGB1 or vice versa. Anti-HMGB1 antibody coimmunoprecipitated Mac1 in wild-type microglia treated with HMGB1, whereas anti-Mac1 antibody coimmunoprecipitated HMGB1. IP, Immunoprecipitation. B, Crude membrane fractions from Mac1 Ϫ/Ϫ or Mac1 ϩ/ϩ microglia were incubated with 1 g/ml HMGB1 or vehicle at 4°C for 3 h. The Western blotting indicated more HMGB1 bound to Mac1 ϩ/ϩ microglial membranes than bound to Mac1 Ϫ/Ϫ microglial membranes. C, Primary microglia from Mac1 Ϫ/Ϫ or wild-type mice were treated with vehicle or 500 ng/ml HMGB1 at 37°C for 15 or 30 min. Whole-cell lysates were extracted in RIPA buffer. The activation of NF-B pathway, as shown by phosphorylation of IKK␣/␤, degradation of IB, and phosphorylation of p65, was observed in HMGB1-treated wild-type microglia, but such activation was blunted in HMGB1-treated Mac1 Ϫ/Ϫ microglia. D, The ratios of densitometry values of examined proteins in C were normalized to each responsive control. *p Ͻ 0.05 compared with the corresponding vehicle-treated controls. E, F, Nuclear translocation of p65 was observed in rat microglia treated with HMGB1 (500 ng/ml) for 15-30 min. GAPDH, Glyceraldehyde-3-phosphate dehydrogenase. All panels are representative of two to three independent experiments. degeneration; fifth, posttreatment with inhibitors against NADPH oxidase and iNOS significantly attenuated LPS-mediated progressive neurodegeneration (Fig. 3) ; finally, microglial activation induced by chronic infusion of LPS into the SN or by a single systemic LPS injection mediated delayed and progressive degeneration of nigral DA neurons in rodents (Gao et al., 2002b; Ling et al., 2006; Qin et al., 2007) . Together, these results lend strong credence to the concept that uncontrolled microglial activation, either as an initiator or as a secondary contributor, could drive a chronic, progressive neurodegenerative process.
The positive feedback between activated microglia and damaged neurons is crucial for both chronic neuroinflammation and progressive neurodegeneration. Acute insults to the CNS such as environmental neurotoxins can directly trigger immediate neuronal lesions. Injured neurons activate microglia through generating a spectrum of noxious endogenous substances in the extracellular milieu. Once activated, microglia secret various inflammatory and neurotoxic factors (e.g., cytokines, reactive free radicals, and proteases) and exacerbate ongoing neurodegeneration (Kreutzberg, 1996; Liu et al., 2003; . Thus, no matter which comes first, neurodegeneration and neuroinflammation, once reaching a certain threshold, propagate to form a vicious cycle ). This cycle not only further augments the ongoing pathology but also makes neurodegeneration become a chronic, progressive process. Therefore, it is the activation of microglia that enables an initial acute neuronal injury to transform into chronic and progressive neurodegeneration. Chronic neuroinflammation and progressive neurodegeneration may become integrated and inseparable in mediating chronic PD progression.
DAMPs (e.g., ATP, heat-shock proteins, S100 proteins, and HMGB1) naturally are nuclear or cytosolic molecules with defined intracellular function. When released extracellularly, DAMPs can activate microglia. HMGB1 is reported to link acute neuron necrosis and delayed neuroinflammation in ischemic brain damage (Kim et al., 2006; Muhammad et al., 2008) . Additionally, diffuse deposits of HMGB1 are found around dying neurons in rat models of Alzheimer's disease (Takata et al., 2004) . In the present study, we found that HMGB1 not only stimulated microglia to release inflammatory factors, including TNF␣, IL-1␤, and NO (Fig. 6 ), but also caused chronic dopaminergic neurodegeneration in the presence of microglia (Fig. 5C,D) . More importantly, the long-term release of HMGB1 in neuron-glia cultures treated with MPP ϩ /LPS/rotenone but not in LPStreated mixed-glia cultures, along with the neuroprotective effect of the neutralization of HMGB1 (Fig. 5) , suggests that HMGB1 from degenerating neurons may be an important mediator linking sustained neuroinflammation to progressive dopaminergic neurodegeneration in PD.
The involvement of multiple separate receptors (e.g., TLR2, TLR4, and RAGE) in HMGB1-mediated cellular and biological responses has been well described (Scaffidi et al., 2002; Lotze and Tracey, 2005) . Interestingly, although recent findings bring more attention to the HMGB1-TLR4 pathway (Maroso et al., 2010; Mittal et al., 2010) , HMGB1 has also been reported to cause lethality in TLR4-defective C3H/HeJ mice, which points to a TLR4-independent pathway for HMGB1 (Sims et al., 2010) . There is a great deal of interest in defining novel receptors and binding partners for HMGB1 and in elucidating the signal transduction mechanisms underlying the HMGB1 receptor-ligand interactions. Here, we identified microglial Mac1 as a receptor of HMGB1. Mac1 (also known as complement receptor 3, CD11b/ CD18, or ␣ M ␤ 2 ) is an adhesion molecule and also functions as a PRR (Wright and Jong, 1986; Ross and Vȇtvicka, 1993; Ross, 2000; Pei et al., 2007; Zhang et al., 2007) . PRRs including Mac1 expressed broadly on microglia can react to DAMPs and other aberrant endogenous ligands in neuronal tissues (Floden et al., 2005; . In the brain, Mac1 is involved in microglial adhesion, chemotaxis, phagocytosis, and activation (Mayadas and Cullere, 2005) . The expression of Mac1 is elevated in PD brains (Liberatore et al., 1999) . Mac1 deficiency in microglia greatly attenuated chronic impairment of DA neurons induced by LPS, rotenone (Fig. 7) , or MPTP (Hu et al., 2008) . Because neither MPTP nor MPP ϩ can directly activate microglia (Gao et al., 2003a) , Mac1 seems to be a target for some of the noxious endogenous compounds generated after neuronal injuries. In support of this notion, Mac1 was found to be required for the microglia-mediated enhanced neurotoxicity induced by ␣-synuclein in neuron-glia cultures . Ϫ/Ϫ mice or wild-type mice were treated with vehicle or 500 ng/ml HMGB1 at 37°C for 15 min. Subcellular fractions were isolated to perform Western blotting analysis for p47 phox levels in membrane and cytosolic fractions of microglia. Glyceraldehyde-3-phosphate dehydrogenase (GADPH) and gp91 phox were used as internal control of cytosolic and membrane fractions, respectively. B, The ratio of densitometry values of cytosolic p47 phox to GADPH and membrane p47 phox to gp91 phox from two independent experiments was normalized to each respective vehicle-treated control. C, Primary microglia from Mac1 Ϫ/Ϫ , gp91 phoxϪ/Ϫ , or wild-type (WT) mice were treated with vehicle or 500 ng/ml HMGB1 at 37°C for 15 min. The production of extracellular superoxide was detected by SOD-inhibitable reduction of WST-1. The production of extracellular superoxide was detected only in HMGB1-treated wild-type microglia and was inhibited by the cotreatment of the cultures with DPI and apocynin; microglia with deficiency in Mac1 or gp91 phox did not cause detectable superoxide release after HMGB1 treatment. D, Primary neuron-glia cultures from gp91 phoxϪ/Ϫ or wild-type mice were stimulated with 400 ng/ml HMGB1. Seven days later, the neurotoxicity was evaluated by [ 3 H]DA uptake assay. Results were expressed as a percentage of the vehicle-treated control cultures and were the mean Ϯ SEM from three to four independent experiments. *p Ͻ 0.05 compared with respective vehicle-treated control cultures.
# p Ͻ 0.05 compared with HMGB1-treated wild-type cultures.
␣-Synuclein is predominantly an intracellular neuronal protein, but it has also been recovered from human blood and CSF (ElAgnaf et al., 2003; Hong et al., 2010) . Similarly, ␤-amyloid (␤25-35) has been reported to bind to Mac1 and to mediate microglial release of NO (Goodwin et al., 1997) .
We demonstrated in the present study that HMGB1 interacted with microglial Mac1 and this interaction mediated persistent neuroinflammation and consequent progressive neurodegeneration. Specifically, the coimmunoprecipitation and the binding analysis revealed the physical interaction between HMGB1 and Mac1 (Fig. 8 A, B) . Consistent with this physical interaction, functional assays indicated that the binding of HMGB1 to microglial Mac1 activated microglia NF-B pathway and NADPH oxidase. The activation of both NF-B and NADPH oxidase was blunted in Mac1 Ϫ/Ϫ microglia (Figs. 8C-F, 9A-C). As a result, Mac1
Ϫ/Ϫ microglia released less inflammatory factors and superoxide during HMGB1 stimulation and the deficiency of microglial Mac1 and NADPH oxidase attenuated HMGB1-mediated neurodegeneration (Figs. 6 B -D, 7, 9) . The HMGB1 was able to induce membrane translocation of p47 phox in microglia, which required the presence of Mac1 (Fig. 9A) . Thus, the coupling between Mac1 and NADPH oxidase might be an important mechanism by which HMGB1 mediated chronic microglial activation and induced progressive neurodegeneration.
The deleterious effects of excessive microglial activation are not limited to PD. More recent evidence suggests that an inflammatory mechanism is commonly shared by a large group of neurodegenerative disorders Gao and Hong, 2008; Glass et al., 2010) . For instance, the progression, rather than the onset, of amyotrophic lateral sclerosis (a progressive paralytic neurodegenerative disorder) is affected by the expression of mutant superoxide dismutase in microglia (Boillée et al., 2006) . With awareness of a driving role of overactivation of microglia in neurodegenerative diseases, pharmacological targeting of secondary neurodegeneration mediated by uncontrolled microglial activation could be of therapeutic value for slowing down the disease progression. In conclusion, our data together provide direct experimental evidence indicating that uncontrolled, prolonged inflammation may be a driving force of progressive dopaminergic neurodegeneration in PD. Interactions between HMGB1 (derived from degenerating neurons and activated microglia) and microglial Mac1 sustained chronic inflammation and mediated chronic dopaminergic neurodegeneration. Mac1 might become a promising target for the development of therapeutic agents halting the vicious cycle between uncontrolled neuroinflammation and degenerating neurons and thereby retarding the progression of PD.
